AFTER SPENDING many years studying the production of atherosclerosis in animals by the maintenance of high serum cholesterol levels, my thinking on the subject underwent a radical change in 1959. At that time I was invited to participate in a conference on the "Methodology of Epidemiological Studies of Cardiovascular Disease" sponsored by the American Heart Association and the National Heart Institute.' I understood that an epidemiological study was one that sought to evaluate the influence of diverse genetic and environmental factors upon the occurrence and severity of a disease in a representative sample of a population. Environmental factors include such varied conditions as exposure to infection, diet, occupation, emotional and physical stress, and many others. Many studies in this field have been based upon the assumption that genetic or environmental factors (A) lead to elevation of the serum lipid levels (B) which in turn is responsible for the development of the lesions in the arterial walls (C). This, of course, is the rationale of the production of the lesions in experimental animals. The epidemiological factor is the high cholesterol content of the diets fed the animals. But it is extremely unlikely that the cholesterol content of the diets is more than a minor factor in the pathogenesis of human atherosclerosis. Although there is an association between elevated serum lipid levels and the severity of atherosclerosis in human beings, atherosclerotic lesions do occur in From individuals with low serum lipid levels. There exists the possibility that response to some environmental factor is damaging the cells of the arterial walls directly.
The presence of cholesterol in the arterial lesions may be a secondary phenomenon which occurs only after the cells of the arterial walls have been injured. High levels of serum lipids may accelerate the rate at which lipid is deposited in the damaged areas and thus aggravate the impingement of the lesion upon the lumen of the smaller arteries. But the high levels of serum lipids are not in themselves the cause of the cellular damage. If it happens that the epidemiological factor also operates to increase the level of the serum lipids, it would have a double effect in the etiology of atherosclerosis.
B A C
Is there any evidence that any such factor A exists, and is there any hope of identifying it? I think the answer to both these questions is "yes." One clue lies in the structure of the arterial walls. The arteries are required to carry blood from the heart to all parts of the body under considerable pressure. It is necessary for them to be so constructed that leakage through the walls is minimal. Few if any capillaries lead from the lumen through the intima and inner media of the vessels. If they were there, their walls would not be strong enough to withstand the fluctuating high pressure of the blood in the arterial lumen. Capillaries enter the artery walls from the outside through the adventitia, but few of them penetrate deeply into the inner media or into the intima. Thus the arterial walls are one of the few places in the body where cells exist more than one cell away from a capillary. These cells are dependent upon Circulation, Volume XXXVI, September 1967 diffusion of nutrients and oxygen through overlying cells. Because of this, these cells exist in a state of partial hypoxia or complete anoxia. In the absence of oxygen, fats cannot be metabolized, and the only source of energy available to the cell is through anaerobic glycolysis. The conversion of glucose to lactic acid makes available only about 10% of the energy obtainable through the oxidation of glucose to carbon dioxide, but it may be sufficient to maintain the normal functioning of the cells. Kirk and associates2 showed in 1954 that this process is a predominant one in aortic tissue. They reported that the production of lactic acid by intimal and medial tissue incubated in the presence of oxygen is 80% of that produced under anaerobic conditions. Similar results are shown by such avascular tissues as tendons and the crystalline lens of the eye.
It will be interesting if it turns out that the cells of the arterial walls share with the cells of the central nervous system an almost complete dependence upon carbohydrate metabolism though for entirely different reasons. Fats are not available as sources of energy to the oxygen-rich cells of the brain because of the presence of a blood-brain barrier that prevents the entrance of fats into the cells; fats are not available to the cells of the arteries because of the lack of oxygen in the depth of the arterial walls.
The whole economy of a land dwelling vertebrate seems to be set up to maintain normal nutrition to the brain during periods of fasting. It has been shown that in a fasting man as much as 80% of the glucose metabolism of the entire body takes place in the brain. This effect is clearly mediated through the concentration of insulin in the blood. The cells of the brain can metabolize glucose at insulin concentrations lower than those required by other cells in the body including the cells of the arterial walls. I postulate that the initial cellular damage in the arterial walls that leads to the development of atherosclerosis occurs during periods of fasting when the concentration of insulin falls below the level necessary for the normal Circulation, Volume XXXVI, September 1967 utilization of glucose by the underlying arterial cells. It might be expected that during the evolution of terrestrial mammals the dependence of arterial cells upon insulin would be lost. However, the development of arteriosclerosis is a slow process, even in man, and fatal sequelae do not often occur until the period of greatest fertility has passed. Resistance to atherosclerosis has little selective value in the evolution of a species.
What are the factors that regulate the availability of insulin? I quote from the 1966 Banting Lecture of R. H. Williams.
"One of the major natural stimulants to insulin synthesis and secretion is glucose. After its intravenous injection an increase in plasma insulin is demonstrable in less than one minute, in vitro there is a disappearance of this increment within one minute after cessation of perfusion with glucose . . . When glucose is ingested the plasma insulin does not rise as rapidly as after intravenous injection but it eventually attains much higher levels."3 I suggest that one epidemiological factor that leads to the development of atherosclerosis in a population is to be found in the pattern of carbohydrate nutrition in that population. A diet that results in the continuous absorption of glucose during the entire 24 hours of the day would maintain the insulin level required for the normal nutrition of the cells of the arterial walls. I speak advisedly of the pattern of carbohydrate nutrition rather than the amount of carbohydrate in the diet. The pattern can be modified in many different ways. It depends upon the number and the frequency of the meals. It is influenced by the physical state of the food that is swallowed. The enzymes of the alimentary tract can act only on the surface of a particle of food. Diets supplying most of the carbohydrate in the form of soluble sugars or as leavened foods made from highly milled flour would result in an entirely different pattern of carbohydrate nutrition than would a diet supplying the same amount of carbohydrate in the form of whole grain foods such as rice, coarsely ground grains, corn meal, farina, and oatmeal; legumes such as beans or peas; leafy vegetables; pastas such as macaroni or spaghetti, which although made from highly milled flour are unleavened and commonly swallowed in large pieces.
I do not think that the low incidence of atherosclerosis, aortic as well as coronary, in populations deriving most of their carbohydrate from such foods is only coincidental. It is true that these populations are the poorer people of the world and their diets tend to be distressingly low in protein and fat, but I suggest that their comparative freedom from atherosclerosis is due to the fact that their diets result in a continuous absorption of glucose throughout the 24 hours of the day regardless of the pattern of their meals. Consequently their insulin level never falls below that required for the maintenance of the integrity of the cells of the arterial walls. It is true that the amount of carbohydrate in these diets is extremely high, but even so the principal metabolic fuel of the cells of the individual eating these diets is fat. The capacity of the body to store carbohydrate is low. If carbohydrate is absorbed at a rate greater than required to supply current metabolic needs, the major part of the excess is converted into fat before it is utilized as a source of energy. It is not true that glucose is the preferred fuel in the body. Stetten and co-workers4 showed in 1951 that in "rats receiving glucose injections at a rate sufficient to provoke severe glucosuria only 23% of all the CO2 exhaled arose from glucose." Is there any connection between the pattern of carbohydrate nutrition and the serum lipid levels? Lipids are transported in the blood either as free fatty acids bound to serum albumin or as lipoproteins. The lipoproteins can be separated into four distinct classes by electrophoresis or by ultracentrifugation. These classes are: chylomicrons which remain at the origin on paper, starch, or agar electrophoresis, 8-lipoprotein, fast moving /3 or very low density j3, and a-lipoprotein. The chylomicrons are made up largely of triglyceride stabilized by the presence of minimal quantities of cholesterol, phospholipid, and protein. They are formed during the absorption of dietary fat and enter the bloodstream through the thoracic duct. The other serum lipoproteins are, for the most part, synthesized in the liver.
The transportation of free fatty acids bound to albumin is the only way that fats can be carried through the blood that does not involve cholesterol. In a normal individual who has fasted overnight, the level of free fatty acid in the plasma is in the order of 500 ,/tEq per liter. This amounts to about 15 mg per 100 ml of free fatty acid. Although the amount present is low, its turnover time is short, of the order of once every 2 or 3 minutes. The amount being transported in the blood of a fasting individual is sufficient to supply the total caloric requirements of the individual if all of this fatty acid is being burned to CO2. The infusion or ingestion of glucose in amounts too low to produce marked changes in the blood sugar level causes a precipitous drop in the free fatty acids to a level of 200 IutEq per liter. The mechanism of this action is well understood. Most of the free fatty acid in the blood of a fasting individual comes from adipose tissue cells. Adipose tissue contains an active lipase that is continuously splitting triglycerides into free fatty acids and glycerol. The adipose tissue cells can resynthesize the fatty acids into triglycerides if a-glycerol phosphate is present, but they lack a glycerol-phosphokinase that would permit them to utilize preformed glycerol for this purpose. The glycerol phosphate needed for the re-esterification of fatty acids in adipose tissue must be furnished by the metabolism of glucose in these cells. The limiting factor that regulates this process is not the concentration of glucose in the blood, but it is the availability of sufficient insulin to permit glucose uptake and metabolism by the adipose tissue cells.
It is interesting that perfusion with epinephrine which raises the blood sugar level by glycogenolysis causes a marked increase in the level of free fatty acids in the blood. This results from two activities. Epinephrine inhibits the release of insulin by the pancreas even in animals actively absorbing or being infused with glucose, the most potent stimulant for insulin secretion. It also stimulates the lipolysis of triglycerides in the adipose tissue cells.
This double-barreled action of epinephrine may be of special interest to those interested in the role of emotional factors in the etiology of atherosclerosis.
Epinephrine is not the only hormone that stimulates the mobilization of free fatty acid from adipose tissue. Several of the pituitary hormones also have this capacity; ACTH, MSH, TSH, growth hormone, and Rudman's fraction H have this effect in differing degrees in different species of animals. Because the action of these hormones is more prolonged than the action of epinephrine, they have been useful tools for the study of what happens if more fatty acids are mobilized than are required to meet the body's energy requirements. Rudman and associates5 showed that a single injection of 3 mg of his fraction H derived from porcine anterior pituitary glands into rabbits produced (1) A tenfold increase in serum free fatty acid within 2 hours which persisted for more than 8 hours, and (2) a fiveto eightfold increase in the concentration of triglyceride in the liver and kidney within 4 hours. No change was observed in the level of the other serum lipids during the first 4 hours, but after 8 hours there was a sevenfold increase in serum triglyceride concentration accompanied by significant increases in cholesterol and phospholipid levels. This lipemia persisted and intensified for 18 hours and then slowly declined reaching normal serum lipid levels in from 48 to 72 hours. At the end of that time the excess triglyceride had been removed from the liver and the kidney. Studies by Hirsch and co-workers6 of the lipid levels of the blood entering and leaving these organs showed that the triglyceride deposited in the kidney was hydrolyzed and cleared as free fatty acid. The triglyceride in the liver was cleared as a component of low density /3lipoprotein. To the best of my knowledge no one has shown the presence of an active lipase in the liver. Mobilization as a component of a lipoprotein molecule is the only process that has been demonstrated to be Circulation, Volume XXXVI, September 1967 available for the clearing of triglyceride synthesized by or deposited in liver cells. It is probable that whenever the level of free fatty acids in the blood exceeds energy requirements at least part of the excess is converted into triglycerides in the liver and serves to elevate serum lipoprotein levels.
The pattern of carbohydrate nutrition has an effect upon the disposition of alimentary fat. In 1958, Bragdon and Gordon7 showed that, if a tracer amount of chylomicrons containing labeled fatty acids in the triglycerides was injected into an animal fed glucose, between 30 and 40% of the label appeared in the adipose tissue within 10 minutes. In fasted animals only about 4% of the label was found there. The reason for this is clear. Triglycerides are not taken up as such by adipose tissue but must first be hydrolyzed to free fatty acids probably by lipoprotein lipase in the cell wall. These fatty acids could be taken up and re-esterified into triglycerides only in the presence of sufficient insulin to permit the utilization of glucose.
The effect of fasting was less marked in other tissues possibly because the tracer amount of chylomicrons injected placed no load upon these tissues.
The feeding of high fat diets free from carbohydrate results in the massive deposition of triglycerides in the liver. I suspect that in these animals the chylomicrons are cleared directly by the reticuloendothelial cells. These triglycerides are later mobilized as lipoproteins.
If all of the carbohydrate in a meal is supplied by rapidly digestible foods, there tends to be a dissociation in the time of maximum absorption of carbohydrate and fat. The carbohydrate is absorbed first, producing an elevation in the blood level of glucose and insulin. During this period far more sugar is being absorbed than is required to meet energy requirements and a large part of it is converted into fats by the liver and adipose tissue. At the end of 2 hours both the blood glucose and insulin levels have fallen to nearly fasting values. The absorption of fat is slower.
The concentration of alimentary chylomicrons reaches a peak in 4 to 6 hours. Thus, if the carbohydrate is all furnished in rapidly digested foods, the bulk of fat is absorbed at a time when the uptake of fat by adipose tissue is less than optimal. More of the fat is cleared by the liver and stimulates an increased synthesis of lipoproteins. If part of the carbohydrate is furnished by slowly digested foods, this dissociation of sugar and fat absorption is minimized.
This effect can readily be demonstrated in rabbits. The usual chow fed in the laboratory contains foods so coarse that the rabbit is maintained in a state of active carbohydrate absorption even days after the withdrawal of food. The addition of fat to such a diet has very little effect upon serum cholesterol levels. However, if rabbits are fed synthetic diets in which the carbohydrate is sucrose8 or dextrinized starchb9 the addition of fat will raise the cholesterol level to above 1,000 mg per 100 ml in some animals.
One wonders if our custom of ending a heavy meal with a sweet dessert may not be an unconscious effort on our part to minimize this dissociation between carbohydrate and fat absorption.
I have tried to present the skeleton of a theory of the pathogenesis of atherosclerosis without attempting to marshal the mass of evidence that supports or weakens the hypothesis. I believe the initial and necessary first step in the process is damage to the cells of the arterial walls. I do not deny the part played by the deposition of lipid in the arterial walls nor the effect of thrombi deposited and organized on the intimal surface of the arteries. But I do believe that these processes are secondary and only occur after the cellular injury has occurred. This theory suggests the futility of attempting to modify the incidence of atherosclerosis in a population by measures aimed primarily at lowering serum lipid levels without at the same time correcting the physiological factor that is causing the initial damage to the arterial walls.
I have postulated that the initial injury occurs when the effective supply of insulin falls below the amount required for the normal functioning of the arterial cells in their oxygen-poor environment. This point cannot be demonstrated at present, but neither can its possibility be denied. I have suggested that the epidemiological factor that produces an enormous disparity in the incidence of atherosclerosis in populations is to be found in the differences in the pattern of carbohydrate nutrition in these populations. The differences in pattern of carbohydrate nutrition may also lead to differences in serum lipid levels.
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